)methylthioethylhydroxylamine (AMA) is an irreversible inhibitor of S-adenosylmethionine (AdoMet) decarboxylase, which is designed to bind covalently the pyruvate residue at the enzyme active site. In the present study the cellular effects of AMA were characterized for the first time in cultured L1210 leukaemia cells. At the approximate IC50 (concn. giving 5000 inhibition; 100 /M), AMA decreased spermidine and spermine by more than 800% at 48 h while increasing putrescine more than 10-fold. As an indication of enzyme specificity, growth inhibition was fully prevented with exogenous spermidine. When compared with the irreversible inhibitor of ornithine decarboxylase, a-difluoromethylornithine (DFMO), at similar growth-inhibitory concentrations, AMA was less cytotoxic, as determined by colony-formation efficiency. In combination with AMA, DFMO eliminated the rise in putrescine and decreased growth in an additive manner. The near-total depletion of intracellular polyamine pools achieved with the drug combination provided an opportunity to examine the relative abilities of individual polyamines to support growth and viability. Of the three exogenously supplied polyamines, only spermidine fully sustained cell growth and viability at control values during incubations totalling 120 h. By contrast, spermine supported growth at 23 of control and viability at 8 Putrescine was similarly ineffective, supporting growth at 13 Qo of control and viability at 7 0. The data indicate that, in L 1210 cells, spermidine is apparently the preferred polyamine in growth-related functions and is capable of fully supporting cell growth by itself. However, because spermine and putrescine can also support growth to some extent, maximum interference with growth and viability is best achieved by strategies which deplete all three polyamine pools.
INTRODUCTION
As elucidated through studies with auxotrophic mutants (Steglich & Scheffler, 1982; Pohjanpelto et al., 1981) and, more generally with specific enzyme inhibitors (Mamont et al., 1978; Tang et al., 1980) , the natural polyamines are now known to be critically important in the initiation and maintenance of the proliferative state in eukaryotic cell types. Although recognized for approximately a decade, the relationship has not been unambiguously dissected further to delineate the specific contribution of the individual polyamines, putrescine (PUT), spermidine (SPD) or spermine (SPM), in supporting cell growth. To a large extent, this is attributable to our general inability to deplete cells of all polyamines or to deplete one polyamine pool selectively without concomitantly increasing either or both of the others.
Polyamine depletion has been most widely studied using the irreversible inhibitor of ornithine decarboxylase, a-difluoromethylornithine (DFMO; Metcalf et al., 1978) . Typically, cells are depleted of PUT and SPD, while SPM pools either increase or decrease slightly. Thus its usefulness in determining the precise role of SPD in cell proliferation has been limited by the presence of SPM. Although exogenous SPD is known to prevent DFMO-induced cytostasis fully (Porter & Bergeron, 1983) , it is unclear whether this could also be accomplished in the absence of SPM or without limited cellular conversion of exogenous SPD into SPM. Studies using the specific inhibitor of SPD synthase, S-adenosyl-Lthio-1 ,8-diamino-octane (also known as AdoDATO) , to evaluate SPD function have encountered similar problems (Pegg et al., 1982) . SPD pools are depleted, but those of PUT and SPM are increased.
The cellular consequences of SPM depletion have also been examined with somewhat conflicting results. Casero et al. (1984) and McGovern et al. (1986) treated cells with DFMO plus a SPD analogue to deplete SPM pools, and concluded that both SPD and SPM are required for cell growth. By contrast, Pegg & Coward (1985) used Smethyl-5'-methylthioadenosine to inhibit SPM synthase, Vol. 259 Abbreviations used: AdoMet, S-adenosylmethionine; AMA, S-(5'-deoxy-5'-adenosyl)methylthioethylhydroxylamine; DFMO, a-difluoromethylornithine; PUT,. putrescine; SPD, spermidine; SPM, spermine. In this study we: (a) characterize, for the first time, the cellular effects of the irreversible inhibitor of AdoMet decarboxylase, S-(5'-deoxy-5'-adenosyl)methylthioethylhydroxylamine (AMA; Fig. 1 ; Khomutov et al., 1983; Artamonova et al., 1986) on growth and polyamine pools [Paulin (1986) 
MATERIALS AND METHODS
AMA and the SPD analogue N-(2-amino-oxyethyl)-1,4-diaminobutane were synthesized as described elsewhere (Shore & Cohn, 1960 (Porter et al., 1985) and results were expressed as nmol/h per mg of protein. Protein was determined by a Bio-Rad (Richmond, CA, U.S.A.) detection assay. Polyamine pools were measured by h.p.l.c. as described by Porter et al. (1985) and expressed as nmol/106 cells or as nmol/culture. The latter was obtained by multiplying the total number of cells per culture by the polyamine pool in nmol/106 cells.
For enzyme-inhibition studies, untreated cell extracts were incubated for 30 min at 37°C with various concentrations of AMA in the standard enzyme assay mixtures. The amount of`4C02 produced was measured and expressed as the percentage of enzyme activity in the absence of AMA.
Colony-formation-efficiency assays were pe-rformed as described by Chang et al. (1984) . A semi-solid medium made up of 1.500 (w/v) 
RESULTS
In addition to reacting with the pyruvate residue of AdoMetDC, the hydroxylamine moiety of AMA has the potential of combining with the pyridoxal phosphate of ornithine decarboxylase (Khomutov et al., 1987a) . In an enzyme extract from untreated cells this was found to be the case (Fig. 2) ; however, the differential between AMA inhibition of AdoMet decarboxylase occurred at concentrations 100-1000-fold lower than inhibition of ornithine decarboxylase. Thus, at relatively low intracellular concentrations, the inhibition is selective for AdoMet decarboxylase. Since this cannot be strictly controlled in cells, it must be assumed that both enzymes may have been differentially affected under the conditions of the present experiments.
The dose-response curve of L 1210-cell growth to AMA (Fig. 3 b) , this produced a constant growth or viability any more effectively than I jtM-SPM slowing of cell growth, which persisted for up to 144 h or in the presence of DFMO or AMA (Fig. 3) . All polyamine approx. 12-14 cell doublings. As indicated by colonyconcentrations, including SPM, were found to be nonformation efficiency, AMA was partially cytotoxic, since toxic to control cells treated identically.
at 48 h clonogenicity was found to be 520 of control
The combination of AMA and DFMO gave an (Table 1 ). Although 0.1 mM-AMA was less effective than approximately additive inhibition of cell growth at 48 h 1 mM-DFMO (11 0% of control) in this regard, both (Fig. 4) Vol. 259 (Fig. 4) , but differed remarkably in their ability to sustain cell viability, as indicated by colony formation efficiency ( (Table 3) . This was not found to be the case for SPM, where increasing exogenous concentrations from I to 3 /tM had no significant effect on growth (Fig. 4) . Polyamine pool analysis on a per-cell basis indicated that exogenous PUT and SPM effectively maintain their respective intracellular pools while only slightly increasing those of others (Table 3) . When assessed as nmol generated per culture (Table 3) , SPD was found apparently to undergo limited back-conversion into PUT relative to control, and a small amount of forward conversion into SPM. However, since much larger intracellular pools of PUT were not as effective in supporting cell growth (Table 3, Fig. 4 (Khomutov et al; , 1 987b) . Polyamine pools are perturbed, as would be expected according to pathway considerations; PUT pools were increased remarkably, whereas those of SPD and SPM were depleted. Concomitantly, ornithine decarboxylase activity increased by approx. 10-fold. Although the latter may be due to a compensatory response to decreases in SPD and SPM pools, at least a portion of the increase could be due to enzyme stabilization as a result of complex-formation between the hydroxylamine of AMA and the pyridoxal phosphate at the reactive site of ODC ( Fig. 2; Khomutov et al., 1 987a) . The selectivity of AMA for polyamine biosynthesis was indicated by the ability of exogenous SPD to prevent growth inhibition fully.
Overall, the present findings with AMA are similar to those reported for the AdoMet-analogue inhibitors synthesized by Secrist (1987) and studied in L1210 cells by Pegg et al. (1988) . Those analogues differ structurally, however, by having a nitrogen atom in place of the sulphur of AMA and, in some cases by having alternative terminal reactive groups. Both analogues are thought to react irreversibly with the active site of AdoMet decarboxylase. Like the enzyme substrate (AdoMet) and product (decarboxylated AdoMet), AMA has a positively charged sulphonium centre, which Pankaskie & AbdelMonem (1980) have shown to be of critical importance in ensuring maximal complementarity between the inhibitor and the enzyme active site. Those authors report that, during chemical reduction of enzyme-inhibitor complex, sulphonium analogues, but not nitrogen analogues, achieve covalent binding of the enzyme pyruvoyl moiety. This difference may be ofminimal consequence in cellular systems, however, since the IC50 value (concn. giving 50 0 inhibition) for AMA (50-100 ,uM) is the same as that for the nitrogen analogues (Pegg et al., 1988) . Although AMA contains a sulphonium centre and bears structural similarity to decarboxylated AdoMet, we did not find h.p.l.c. evidence (i.e. a SPD analogue) to indicate that it participated as a substrate in the SPD synthase reactions.
An interesting distinction between the effects of AdoMet decarboxylase inhibition by AMA and ornithine decarboxylase inhibition by DFMO was that colonyformation efficiency was consistently more affected by DFMO than by AMA under conditions of comparable growth inhibition. We attribute this to the large PUT pool present in AMA-treated cells when they are seeded into the methylcellulose semi-solid media. Unlike the DFMO-treated cells, which presumably have to generate (by synthesis or back-conversion) a sizeable SPD pool in order to resume growth, the AMA-treated cells are primed with PUT to synthesize substantial quantities of SPD as soon as AMA diffuses away. This difference could be representative of a trend between inhibitors of ornithine decarboxylase and AdoMet decarboxylase. If so, then inhibitors of ornithine decarboxylase will be generally more cytotoxic as single agents than inhibitors of AdoMet decarboxylase. Overall, the implications of these data are as follows: (a) cells exhibit a distinct structural specificity in their polyamine requirement, with SPD ranking as the preferred species; (b) in addition to serving as a precursor to SPD, PUT has growth-supporting capabilities of its own; (c) although SPM is the apparent end-product of the polyamine-biosynthetic pathway, it supports growth less effectively than does its precursor, SPD; (d) the presence of markedly increased PUT pools in AMAtreated cells and SPM pools in DFMO-treated cells probably compromises the anti-proliferative potential of these drugs; and (e) because all three polyamines support cell growth, the greatest anti-proliferative impact may be achieved with strategies which attain depletion of all three polyamine pools.
The apparent critical role of SPD in cell growth and viability is consistent with indications from previous studies with other inhibitors, but which, for reasons described in the Introduction, could not be regarded as conclusive. For example, treatment of cells with either DFMO (Mamont et al., 1978) or the SPD synthase inhibitor S-adenosyl-L-thio-1 ,8-diamino-octane (Pegg et al., 1982) , depletes SPD pools and inhibits cell growth. Restoration of SPD reverses the effect. Contrariwise, decreasing SPM pools with S-methyl-5'-methylthioadenosine at concentrations selective for inhibiting SPM synthase has no effect on cell growth (Pegg & Coward, 1985) . In all cases, data from these studies imply that SPD is more critical to cell growth than is SPM, but the present studies demonstrate this relationship unambiguously.
The acetyltransferase and polyamine oxidase (Seiler et al., 1981; Pegg et al., 1981) . Although cultured L1210 cells in the uninduced state have extremely low quantities of the transferase (Libby et al., 1989) , there exists evidence (Claverie et al., 1987) DFMO and AMA, respectively, provides a near-depletion of the total intracellular polyamine pools; and (e) productprevention studies with the drug combination indicate that SPD is the preferred polyamine in cell proliferation, and that both PUT and SPM have limited potential in this regard.
